Extracellular Bacillus proteases are used as additives in detergent powders. We identified a Bacillus strain that produces a protease with an extremely alkaline pH optimum; this protease is suitable for use in modern alkaline detergent powders. The alkalophilic strain Bacillus alcalophilus PB92 gene encoding this high-alkaline serine protease was cloned and characterized. Sequence analysis revealed an open reading frame of 380 amino acids composed of a signal peptide (27 amino acids), a prosequence (84 amino acids), and a mature protein of 269 amino acids. Amino acid comparison with other serine proteases shows good homology with protease YaB, which is also produced by an alkalophilic Bacillus strain. Both show moderate homology with subtilisins but show some remarkable differences from subtilisins produced by neutrophilic bacilli. The prosequence of PB92 protease has no significant homology with prosequences of subtilisins. The abundance of negatively charged residues in the prosequences of PB92 protease is especially remarkable. The cloned gene was used to increase the production level of the protease. For this purpose the strategy of gene amplification in the original alkalophilic Bacillus strain was chosen. When introduced on a multicopy plasmid, the recombinant strain was unstable; under production conditions, plasmid segregation occurred. More stable ways of gene amplification were obtained by chromosomal integration. This was achieved by (i) homologous recombination, resulting in a strain with two tandemly arranged genes, and (ii) illegitimate recombination, resulting in a strain with a second copy of the protease gene on a locus not adjacent to the originally present gene. Both strains showed increased production and were more stable than the plasmid-containing strain. Absolute stability was only found when nontandem duplication occurred. This method of gene amplification circumvents stability problems often encountered in gene amplification in Bacillus species when plasmids or tandemly arranged genes in the chromosome are used.
A wide variety of Bacillus species (24) secrete serine endoproteases into the external medium. Bacillus serine proteases have their best-known application in detergent powders. To best meet the alkaline conditions in detergents, serine proteases with a highly alkaline pH optimum (referred to herein as high-alkaline proteases) are preferred above the subtilisins that have an optimal pH of 8.5 to 10. After a screening program, Zuidweg et al. (47) isolated an alkalophilic Bacillus strain (PB92) that produced a high-alkaline serine protease (PB92 protease) with unique pH optimum of 10.5 to 12. The PB92 protease performed extremely well in detergents. Amino acid sequences for the serine proteases from Bacillus amyloliquefaciens, Bacillus licheniformis, and Bacillus subtilis have been determined (23, 26, 34) , and the genes from B. amyloliquefaciens, B. licheniformis, B. subtilis, B. subtilis subsp. amylosacchariticus, and the alkalophilic Bacillus sp. strain YaB have been cloned and sequenced (13, 17, 36, 38, 41, 45) . The complete amino acid sequences of thermitase (25) and proteinase K (15) have also been reported. These two enzymes are related to subtilisins but differ from them in containing cysteine(s).
The DNA sequences of the cloned subtilisins reveal an intervening propeptide sequence between a signal sequence and the mature enzyme (13, 17, 36, 38, 41, 45) . It was shown (27) by analysis of subcellular fractions of Bacillus strains expressing various mutations in the subtilisin gene that the proprotein of subtilisin exists in association with the cell membrane. Furthermore, the conversion of the primary gene * Corresponding author. product into the mature enzyme is mediated by active subtilisin, and therefore this processing is most likely autocatalytic (27) . The function of the prosequence has not been well established. It is structurally well conserved among the various subtilisins and is highly enriched with charged residues. It is speculated that these residues are important for interaction of the prosequence with the mature portion of subtilisin, which is most likely essential for folding of subtilisin into the enzymatic active conformation (11) .
To overproduce a protease, two strategies for increasing the gene copy number in Bacillus can be considered: (i) using plasmid-containing strains and (ii) using strains containing additional genes integrated in the chromosome. In B. subtilis, replicative plasmids harboring cloned sequences can be prone to either segregational or structural instability (4, 9, 21, 28) . Chromosomal integration has been applied to solve these problems. Although these strains are more stable than plasmid-containing strains, instability of tandemly amplified chromosomal sequences has also been reported (1, 44) . For improved production of the PB92 protease, we developed a transformation and chromosomal integration system for Bacillus alcalophilus.
MATERIALS AND METHODS
Bacterial strains and plasmids. The alkalophilic strain B. alcalophilus PB92 (ATCC 31408) was isolated from the soil, and the gene that encodes the high-alkaline protease was cloned. B. subtilis 1-A40 (43) , which has a relatively low extracellular protease activity, was used as the host for cloning. pUB110 (8) (2) . DNA fragments from restriction enzyme digests were resolved and analyzed by electrophoresis on 0.8% agarose gels (10) . For hybridization experiments, the separated fragments were transferred to nitrocellulose by the method of Southern (35) and detected with DNA probes labeled by nick translation (29 (37) . Preparation of competent cells and transformation of Escherichia coli were described previously (19) . Chromosomal DNA was prepared by the method of Saito and Miura (31) .
Isolation of chromosomal integrants. After transformation with integration plasmid pMAX-4 (see Fig. 6 
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FIG. 2. DNA and deduced amino acid sequence of the alkaline protease of B. allcalophiliis PB92. Both strands have been sequenced from several independent overlapping clones. The putative ribosome-binding site (RBS), two putative promoters (P1, P2), and the transcriptional terminator (T) are underlined. The NH2 terminus of the mature protease was checked and confirmed by NH,-terminal amino acid sequencing. 30% glucose solution sterilized at 120°C for 1 h was added to a final concentration of 30 g of glucose per liter of medium.
Protease activity. Protease activity was assayed with dimethylcasein as a substrate as described by Lin et al. (20) . RESULTS Cloning of a high-alkaline serine protease of the alkalophilic strain B. alcalophilus PB92. Chromosomal DNA of strain PB92 was partially digested with Sau3A and ligated into BamHI-digested pUB110. B. subtilis 1-A40 was transformed with the ligated mixture and plated on minimal plates containing 0.4% casein. After 17 h, one colony of the neomycinresistant transformants was found to form a large protease halo. A recombinant plasmid containing a 1.8-kb DNA insert was purified from the halo-forming transformant and designated pM58 (Fig. 1) identified. It is followed by a sequence which might form a hairpin structure and a cluster of T's, i.e., the structure typical for a rho-independent transcription terminator (30) .
Comparison of the amino acid sequence of strain PB92 alkaline protease with other serine proteases. The amino acid sequence of the mature PB92 protease shows homology with other serine proteases: subtilisin BPN' (23, 41) , subtilisin DY (26) , subtilisin Carlsberg (13, 34), protease YaB (17) , and thermitase (25) (Fig. 3) . The homology with protease YaB (82%), also produced by an alkalophilic organism, is high compared with the homology shown with subtilisins (60 to 61%) (Fig. 4) . The lowest homology is found with thermitase produced by Thermoactinomyces vulgaris (46%). In both PB92 protease and protease YaB there are six residues deleted in comparison to subtilisin BPN', with a notable deletion of four amino acids around position 160. Comparative studies involving the prosequences of the enzymes produced by bacilli were performed (Fig. 4 and 5) . All prosequences are enriched with charged residues, but a striking difference is seen between the prosequences of the enzymes produced by alkalophilic bacilli and those produced by neutrophilic bacilli. The first group mainly contains an excess of negatively charged residues, whereas the second group has a random distribution of both negatively and positively charged residues. This feature is reflected in the net charges of the prosequences in question: PB92 (-26), protease YaB (-23), subtilisin BPN' (+5), subtilisin Carlsberg (+2), and B. subtilis subtilisin (+4).
Production improvement of the alkaline serine protease of strain PB92'. With the cloned protease gene available, we tried to improve the protease production by developing multicopy strains. Because of the improved production capacities of the classical mutant strain PB92', we tried to transform plasmid pM58 to this strain. First the development of a transformation system for this alkalophilic bacterium was needed. Standard B. subtilis protoplast transformation procedures (5) were tried but were unsuccessful. After some modifications a transformation system for the species B. alcalophilus was developed. Regeneration at alkaline pH was a prerequisite for success. After plasmid pM58 was successfully transformed to strain PB92', production experiments were performed in shaking flasks and showed a production increase of 50%. Furthermore, the plasmid was stably maintained during fermentation (data not shown). However, in 10-liter fermentors plasmid instability occurred, resulting in loss of productivity. Table 1 shows the results for integration plasmid pMAX-4 ( Fig. 6) , which are comparable to the results for plasmid pM58 in these experiments.
To develop stable multigene strains suitable for large-scale fermentations, chromosomal integration was chosen as a strategy. An integration plasmid was constructed that contained a temperature-sensitive origin of replication to allow for selection of chromosomal integrants at temperatures that are nonpermissive for plasmid replication in the presence of antibiotics. The construction of this integration vector is shown in Fig. 6 . This plasmid contains a temperaturesensitive origin of replication derived from plasmid pE194, the neomycin resistance gene of pUB110, and the alkaline protease gene derived from B. alcalophilus PB92.
Isolation of chromosomal integrants in B. alcalophilus PB92'. Strain PB92' was transformed with plasmid pMAX-4.
After three successive selection procedures of 24 h at an increased temperature (50°C), two types of chromosomal integrants were isolated.
In integrants of the first type, the additional protease gene is tandemly arranged with the original gene on the chromosome. These integrants originate from a homologous Campbell-type recombination process and were selected for at a low (1 ,ug/ml) neomycin concentration.
In integrants of the second type, integration occurs at a chromosomal location different from that of the original protease gene. These integrants originate from illegitimate recombination and were selected for at a high (20 ,ug/ml) neomycin concentration.
Both integration procedures are depicted in Fig. 7 . To check whether and how integration had occurred, potential chromosomal DNA was characterized by Southern blott- (39) , which was digested with Sall and made blunt ended. The resulting plasmid, pUCN710, was digested with BamHI and ligated into pE194, which was digested with Bcll. Hereafter the BalI-HpaI fragment of pM58 containing the alkaline protease gene was subcloned into the HpaI site of pE194-neo to construct pMAX- 4. ing experiments. The tandem integrant was called strain PBT109, and the integrant containing two protease genes at different chromosomal locations was called strain PBT108.
Protease production and stability of duplicated protease genes in B. alcalophilus PBT108 and PBT109 in 10-liter fermentors. In shaking flasks both integrants showed a production increment of 50% compared with that of the original strain. Furthermore, the duplicated protease genes were 100% stably maintained (data not shown).
PBT108 and PBT109 were also tested in 10-liter fermentors. Protease production and the stability of the duplicated protease genes were determined. The results of the fermentation experiments are summarized in Table 1 . Although strain PBT109 is more stable than the plasmid-containing strain, instability was found. Analysis of PBT109 colonies after 2 days of culturing in 10-liter fermentors showed that 3 to 25% of these colonies produced at the level of a strain containing only a single protease gene. These same colonies were neomycin sensitive because of excision of the pMAX-4 sequences by homologous recombination. Analysis of colonies derived from the strain PBT108 fermentation experiment showed that these cells were all neomycin resistant; 150 of these neomycin-resistant colonies, taken at random and individually tested for protease production, all produced at the level of a strain containing two genes. This shows that the two protease genes in PBT108 are stably maintained under the fermentation conditions used. Both strains PBT108 and PBT109 show production improvement compared with that of strain PB92' in 10-liter fermentors.
DISCUSSION
The alkaline serine protease of the alkalophilic strain B. alcalophilus PB92 has been cloned and characterized. After sequence analysis, an open reading frame was found consisting 380 amino acids. It is preceded by a Shine-Dalgarno sequence (33) and two sequences that are homologous to ar32 (P1) and u29 (P2) promoters, respectively. This suggests that two promoters are tandemly localized in front of the PB92 protease gene, as also shown for some B. subtilis genes (16, 40) . However, additional functional expression studies are needed to confirm this. The protease gene is followed by a rho-independent transcription terminator sequence. We found an open reading frame that contains a signal sequence of 27 amino acids that is comparable to other Bacillus signal sequences, a prosequence of 84 amino acids, and a mature protein of 269 amino acids.
The mature protease of strain PB92 consists of 269 amino acids; this is slightly smaller than the subtilisins Carlsberg, subtilis, and BPN', which contain 274, 274, and 275 amino acids, respectively. The PB92 protease is highly homologous to protease YaB, which is also produced by an alkalophilic Bacillus strain. Both show moderate homology with subtilisins. Furthermore, the deletion of four residues around position 154 in both the PB92 protease and protease YaB is remarkable. It is postulated that this deletion might somehow change the conformation of the P1 pocket of the enzyme (17) . Such a distortion might influence the P1 preference of both enzymes and therefore could effect the substrate specificity of both enzymes. It seems that the PB92 protease and protease YaB fall into a group of high-alkaline proteases that are clearly distinguishable from the subtilisins produced by neutrophilic bacilli.
The importance of the prosequence for a functional BPN' subtilisin has been shown before (11) . Deletion of the prosequence yields mature but inactive subtilisin. From the tertiary structure of the mature enzyme obtained from X-ray crystallography, one can find that charged residues are unevenly distributed on the surface of the molecule. Especially along the cleft in which the active site is located, relatively few charged residues are present (42) . The prosequence, on the other hand, is structurally conserved among the various subtilisins and is highly enriched with charged residues. It is speculated, therefore, that the hydrophobic surface area along the active site is originally covered by the highly charged prosequence, a process which is essential for the folding of subtilisin into the active configuration (11) . If we compare the prosequences of the PB92 protease and protease YaB with those of subtilisins, we see an abundance of negatively charged residues. Since under alkaline conditions positively charged residues are normally not charged, the abundance of negatively charged residues could endorse the postulated importance of a highly charged prosequence. Remarkably, the abundance of negatively charged residues, which is a potential source of electrostatic repulsion, does not interfere with the function of the prosequence. difference between the prosequences of the enzymes produced by the alkalophilic bacilli and those produced by neutrophilic bacilli might reflect an adaptation of both alkalophilic strains to the alkaline niche in which they exist.
Clone pM58 was used to improve the protease production of B. alcalophilus PB92'. A homologous production system was preferred to a B. subtilis host because of (i) the good fermentation properties and (ii) the high protease production level of strain B. alcalophilus PB92'. The development of a transformation system for strain PB92' was a prerequisite for a homologous system. A transformation procedure based on that of Chang and Cohen (5) was used. Regeneration of protoplasts at alkaline pH as described in Materials and Methods was essential for successful transformation.
After transformation of pM58 to strain PB92', the plasmidcontaining strain produced protease relatively well in shaking flasks (150% compared with production by strain PB92'), and the plasmid was very stably maintained. However, after the culture volume was scaled up, plasmid instability occurred, resulting in loss of increased production and inconsistent protease yields. Such problems have been mentioned before (22) . Multicopy plasmids may be very useful in laboratory work; their application to large-scale routine production of enzymes is often prevented by inconsistent yields of the product. This is likely to be due to insufficient segregational stability of the plasmid during fermentations. Some suggestions to improve plasmid stability during fermentation conditions have been described, for instance, by using plasmids containing a gene essential for the cell (6 (14) . Therefore, an explanation for the observed phenomenon may be that, because of a high neomycin concentration during selection, the integration took place behind a strong chromosomal promoter. Alternatively, one may consider that selection for a specific chromosomal location allowing high-level transcription of the neomycin gene promoter occurred.
To isolate tandem integrants, selection was performed at the minimal inhibitory neomycin concentration (1 pLg/ml). With this neomycin concentration, only tandem integrants were obtained. This indicates that the neomycin concentration originally used was, indeed, too high for the isolation of such integrants. No multiple tandemly integrated gene clusters were found.
Protease production of strains PBT108 and PBT109 was determined in 10-liter fermentors. As controls, the original strain and a plasmid-containing strain were taken. In these fermentations no neomycin was added. Both strains containing chromosomally integrated protease genes show increased production and are more stable than the plasmidcontaining strain (Table 1) (not shown) were obtained. The production improvement obtained after introduction of a second copy of the PB92 protease gene might seem rather small. But, because classical mutation strain PB92' contains a very high basic production level before introduction of the second protease gene, other factors than gene copy number can become limiting for further production. It can be concluded that in 10-liter fermentors all strains with chromosomally amplified genes showed increased protease production and were more stable than plasmid-containing strains. Absolute stability was only found with strains containing nontandem duplications. This method of gene amplification circumvents stability problems often encountered with plasmids or tandemly arranged genes in the chromosome. Our results show a novel method with broad applicability to achieve stable gene amplification in industrial upscaled fermentations.
